f-Amyloid protein (A,B) has been implicated in the pathogenesis of Alzheimer disease (AD) by the facts that mutations in its precursor protein lead to the overproduction of A13 (1-5) and that A,B is directly toxic to some types of cells (6) (7) (8) . In addition to AD there are numerous other human diseases that are characterized by the deposition of amyloid in various tissues (9). Although these amyloids contain different proteins, all are characterized by the antiparallel }3-sheet conformation of their major protein component (9) . As in AD, the tissues surrounding these amyloid deposits frequently show a toxic response. Since the protein components share a secondary structure but have no obvious sequence homology, it is possible that they have a common mechanism for cellular toxicity that is nonspecificially linked to their unique state of peptide conformation or assembly. The alternative is that the responsive cells all have unique receptors for the respective peptides.
was asked whether there is a common toxic mechanism. It is shown here that the protein components of other human amyloidoses, including amylin, calcitonin, and atrial natriuretic peptide, are all toxic to clonal and primary cells. The toxicity is mediated via a free radical pathway indistinguishable from that of Af3. Experiments with synthetic peptides suggest that it is the amphiphilic nature of the peptides generated by their ,3 structure rather than their ,3 structure per se that causes toxicity. These results tend to rule out the alternative that amyloid toxicity is exclusively mediated via specific cell surface receptors. f-Amyloid protein (A,B) has been implicated in the pathogenesis of Alzheimer disease (AD) by the facts that mutations in its precursor protein lead to the overproduction of A13 (1) (2) (3) (4) (5) and that A,B is directly toxic to some types of cells (6) (7) (8) . In addition to AD there are numerous other human diseases that are characterized by the deposition of amyloid in various tissues (9) . Although these amyloids contain different proteins, all are characterized by the antiparallel }3-sheet conformation of their major protein component (9) . As in AD, the tissues surrounding these amyloid deposits frequently show a toxic response. Since the protein components share a secondary structure but have no obvious sequence homology, it is possible that they have a common mechanism for cellular toxicity that is nonspecificially linked to their unique state of peptide conformation or assembly. The alternative is that the responsive cells all have unique receptors for the respective peptides.
The mechanism by which AP3 causes cell death is the best understood of the human amyloidoses. Although the molecular details are not completely known, A,3 causes increased H202 accumulation in cells, resulting in free radical-induced lipid peroxidation and, ultimately, cell death (10) . The source of H202 is thought to be from the activation of an NADPHlinked oxidase similar to that found in neutrophils, for A,3 toxicity is blocked by relatively specific inhibitors of this enzyme (10) . The following experiments address the issue of whether there is a common mechanism of toxicity that is shared by other peptides associated with human amyloidoses and examine how these mechanisms relate to their secondary and tertiary structure.
MATERIALS AND METHODS
Cell Lines. B12 cells are from a collection of cell lines made from nitrosoethylurea-induced rat brain tumors (11) . A suspension-growing variant of B12 was selected by growth in Petri dishes over a 6-month period and subsequent cloning. The attached and suspension cell lines have indistinguishable cytotoxic properties versus A,3 (10) . Rat primary cultures were made from embryonic day 18 cerebral cortex and cultured on poly(L-lysine)-coated dishes in 50% Dulbecco's modified Eagle medium (DMEM)/50% Ham's F12 medium containing N2 supplements (12) . No mitotic inhibitors were required in these minimal conditions, and >95% of the cells were neuronal as defined by staining with neuron-specific enolase and the absence of glial fibrillary acidic protein-positive cells. Dialyzed fetal calf and horse sera were from GIBCO/BRL. The peptides were obtained from Bachem except for the Leu-Lys peptides, which were synthesized according to Brack and Caille (13) and have an average molecular mass ranging from 5000 to 12,000 Da. All peptides-were initially dissolved in water and diluted into culture medium immediately before use. With the exception of poly(Leu), they were soluble in water but formed insoluble aggregates of various sizes in culture medium. The fluorescent dyes were from Molecular Probes, diphenylene iodonium (DPI) was obtained from A. R. Cross (Scripps Clinic), and all other chemicals were from Sigma. Statistics were done using GRAPHPAD INSTAT statistics software. Where appropriate, an unpaired Student's t test was used and two-tailed P values are presented.
Cell Culture and Cytotoxic Assays. To assess cell viability (cytotoxicity), several different assays were utilized: the modified 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay (14) , a lactate dehydrogenase (LDH)-release assay available from Promega, and a visible cell count using trypan blue exclusion. All assays have been described in detail along with their advantages and limitations (10) . Since neither the MTT reduction assay nor the LDH-release assay can be used in the presence of antioxidants, visual assays on primary neurons were used in these experiments. In contrast, primary neurons are very difficult to use in fluorescenceactivated cell sorting experiments; therefore suspension B12 cells were employed.
Flow Cytometry. The flow cytometric methods employed to study peroxide formation have been described (10, 15) . B12 suspension cells (200,000) in 60-mm dishes were washed twice in serum-free DMEM and placed in DMEM supplemented with 2% dialyzed fetal calf serum plus or minus peptide. Ten minutes before harvesting, 2',7'-dichlorofluorescin diacetate (10 ,uM) 
RESULTS
Several Amyloid-Forming Peptides Are Cytotoxic. In addition to A,B, human amylin and f32-microglobulin, which accumulate as amyloid in patients with non-insulin-dependent diabetes mellitus and kidney disease, respectively, are toxic to nerve cells (16, 17) . To determine if neural cytotoxicity is a shared characteristic of peptides from other human amyloidoses, peptides from two additional amyloid diseases were examined for toxicity. Two well-characterized assays were used, the reduction of MTT by the B12 cell line and cell lysis of rat cortical neuron cultures (10) . Fig. 1 shows that, in addition to amylin and A,B, calcitonin, which is found in amyloid deposits of medullary carcinomas (18) , and ANP, which is deposited in the atria of aged individuals (9) , are toxic to B12 cells as defined by the MTT assay. Since MTT is not necessarily a valid indicator of cell lysis (10, 19) , these peptides were also examined for toxicity using trypan blue exclusion and LDH-release assays on primary rat brain cultures. Table 1 shows that all four peptides are indeed cytolytic to cultured neurons. Rat amylin, which differs in several amino acids from the human form, is not toxic (16, 17) . (10 ,uM) for 10 min after exposure to peptides for 4 hr. Compound 40/80 is a synthetic mixed polymer of p-methoxy-N-methylphenylethylamine crosslinked by formaldehyde with highly amphiphilic characteristics (22) . Since quantitative measurements are subject to error due to the nonratiometric emission of the dye, data are expressed as a percentage change relative to control cells arbitrarily set at 100%. Forward scatter measurements determined that cell volume remained constant across the experimental procedures. Data are expressed as the mean ± SEM of 10,000 independent measurements. All values are significantly above or below baseline (P < 0.01) with the exception of the points followed by an asterisk (*).
Amyloid Peptides Kill Cells via Oxidative Damage. The addition of AP3 to cultured cells causes an increase in H202
accumulation that results in cell death by oxidative damage (10) . This process is inhibited by antioxidants such as vitamin E and the spin trap agent BPN. Table 1 shows that vitamin E and BPN inhibit peptide toxicity on primary neurons. To determine if amylin, calcitonin, and ANP all induce H202 accumulation similar to A,B, B12 cells were exposed to toxic concentrations of these peptides for 4 hr and peroxides were detected through the use of 2',7'-dichlorofluorescin diacetate (10, 20, 21) . Table 2 shows that all of the amyloid peptides increase the accumulation of H202. Although some of the increases are as low as 30%, this increase in H202 concentration is sufficient to induce cell lysis (10) . In addition, the NADPH oxidase inhibitor DPI (23) blocks peptide toxicity (Fig. 2 ) and H202 accumulation ( Table 2 ). The mechanism of the reproducibly high apparent H202 production caused by human amylin relative to the other peptides is not known. These results show that other amyloid peptides such as human amylin, calcitonin, and ANP cause cell death by a mechanism similar to AP3. In contrast, rat amylin, which is not toxic ( Fig.   1 (Fig. 1) . One hour before the addition of peptide, DPI was added at the indicated concentrations. Twenty hours later the loss of the cell's ability to reduce MTT was measured as described in the legend to Fig. 1 (10) . The major phenotypic change in these cells is an increase in glutathione peroxidase and catalase activities (unpublished). If the pathways of ANP, calcitonin, and amylin toxicity were the same as those used by A13, then it would be expected that the A13-resistant clones would resist the cytotoxic action of these peptides. Table 3 shows that an A13-resistant cell line is also resistant to amylin, ANP, and calcitonin. Therefore, at least one step in the toxic pathway of A13 is shared with the other peptides.
13-Sheet Structural Requirements for Amyloid Toxicity. By definition, all of the protein deposits in human amyloidoses have a 13-sheet structure (9) . Since several of the amyloid molecules are toxic via an oxidative mechanism, the 13-sheet structure may be sufficient to cause toxicity. This alternative was tested in several ways. To determine if the 13-sheet structureperse generates a more toxic response than an a-helix or random coil, a series of repeating copolymers of leucine and lysine with different 13-sheet, a-helical, and random coil contents (13) were examined for their relative toxicity toward B12 cells. If the structure were a major direct influence in toxicity, then there should be a direct correlation between toxicity and 13-sheet content of a peptide. Table 4 shows that this is not the case with the B12 cell line. There is, however, clearly a structural determinant within this group of peptides, for there is a 24-fold difference between the 50% toxic concentration (T5o) of randon coil poly(L-Lys) and poly(DLLeu-DL-Lys) (14:86) , which can be visualized as nuclei of homochiral 13-sheets surrounded by heterchiral random coil segments (24) . When the ability of DPI to inhibit Leu-Lys peptide toxicity is examined, DPI effectively inhibits only the peptides with significant (>23%) 13-sheet structure. It was not possible to obtain reproducible H202 data with the Lyscontaining peptides because of their aggressive adhesive prop- erties.
If the Leu-Lys peptides are 13 structure share a toxic mechanism with A13 and the other amyloidogenic peptides, then they should be less toxic to the AP-resistant PC12 cell line than to the parental line. Table 3 shows that this is indeed the case, for the AP3-resistant clone is more resistant than the parental line to the peptides with the most f structure. In contrast to B12 cells, the peptides with the highest 83-sheet composition are the most toxic to the PC12 cell line and the toxicity is diminished in AP-resistant cells. Finally, human amylin is toxic to nerve cells, while rat amylin, which differs by 6 amino acids, is nontoxic (16, 17) ( Fig. 1 ; Table 1 ). Three of the substitutions are to prolines, which drastically alter the backbone conformation of peptides. By CD analysis rat amylin is only 21% 13-sheet, while human amylin is 42% 13-sheet at 10 ,uM in 0.15 M salt (pH 7.2). These data show that while the 13 structure is not required to cause peptide toxicity, it may be a necessary configuration for cell death mediated by a mechanism that involves a DPI-inhibitable step. They also show that there are at least two pathways to peptide-induced cell death, one of which is free radical mediated.
Amphiphilicity May Be a Relevant Feature for Amyloid Toxicity. While A13, amylin, ANP, and calcitonin all exist as antiparallel 13-sheets in their respective amyloids (9) , calcitonin has also been extensively studied in solution as a model amphiphilic a-helical peptide (25) . The fact that calcitonin is toxic suggests that its amphiphilicity may be relevant to the 
Poly(L-Leu)
Random coil NT NT 48/80 NA 55 1 28 Toxicity assays were done as described in the legend to Fig. 1 using 3-fold concentration increments of each peptide between 0.01 and 50 ,ug/ml. Each point was done in triplicate and a best fit curve was drawn between the means. T50 is the concentration in which 50% of the cells are killed (primary) or there is a 50% reduction in the MTT assay (B12). The % 13-sheet was determined in 0.15 M NaF (pH 7.2) by CD spectroscopy using polymer concentrations of 10 ,ug/ml. Values in parentheses represent the % D and L isomers, respectively. NT, not toxic up to 50 ,ug/ml. DPI inhibition was done as described in the legend to Fig. 2 . The concentration given (DPI IC50) is that which inhibits toxicity of peptide to B12 cells in the MTT assay by 50%. NA, not available. general toxic mechanism of these peptides. Two other amphiphilic peptides, mellitin and mastoparan, have been examined with respect to their ability to activate mast cells and tnodulate the activity of several enzymes by a non-receptormediated mechanism (see ref. 22 for review). They intercalate into the plasma membrane and modulate enzymatic activity via G proteins or by direct membrane perturbation (26, 27) . Fig. 1 and Table 1 show that, like calcitonin, mastoparan and mellitin are cytotoxic to B12 cells and primary cultures of neurons. Their mechanism of toxicity is similar to the amyloidogenic proteins, for they both stimulate H202 accumulation and their toxicity is inhibited by DPI and antioxidants. DPI inactivates the neutrophil NADPH oxidase, which is a G protein-linked enzyme (23) . As with a-helices, (3- The addition of A,3 to neural cells leads to the rapid production of H202 and lipid peroxidation, suggesting that AP3 toxicity is mediated by free radical damage (10) . The data outlined above show that three additional amyloidogenic peptides, amylin, calcitonin, and ANP, kill cells by a similar mechanism. Like A,B accumulation in normal aging brain, ANP is found in the hearts of >80% of those aged 80 years and older (29) . ANP normally mediates fluid balance and smooth muscle relaxation (30) . Similarly, amylin is deposited in the pancreas of non-insulin-dependent diabetics (31) , and calcitonin and procalcitonin amyloid is found in various thyroid diseases and neoplasms (18) .
Since there is frequently cell death associated with amyloid deposition and all amyloids exist as congophilic ,B-sheet proteins (9), it has been implied that the (3-sheet is necessary for toxicity. Supporting this position are the data suggesting that A,B must be aggregated to be toxic (see, for example, ref. 32) and the demonstration that while human amylin forms ,B structures and is toxic, rat amylin, which is 90% identical in sequence, has less (3 structure (see above; also refs. 33 and 34) and is not toxic (16, 17) . Table 4 shows that the (3-sheet is not necessary for a peptide to produce a toxic response. When a series of ordered Leu-Lys copolymers are examined for their cytotoxicity toward B12 cells, the order of toxicity does not correspond with (3-sheet tertiary structure. The peptides are toxic to B12 and primary central nervous system cells in the same concentration range as the amyloid peptides. There is, however, a correlation between (3-sheet composition and DPI-inhibitable toxicity, showing that the mechanism of toxicity is distinct between the peptides with (3-sheet structure and the others. This correlation extends to the ability of A,3-resistant cells to be less affected by the Leu-Lys peptides containing 3structure than those of a-helices or random coils (Table 4) . Since these peptides consist of strongly hydrophobic and charged amino acids, it is possible that their ordered amphiphilic nature is in part responsible for their toxicity.
Amphiphilic peptides are those that achieve a biphasic distribution of hydrophobic and hydrophilic residues. They frequently act at amphiphilic lipid-water interfaces such as the plasma membrane (23) . One toxic amyloidogenic peptide studied here, calcitonin, has been extensively studied in solution as an amphiphilic a-helix (35) . The cluster of positive charges localized to one side of the helix suggests that part of the molecule can intercalate into the plasma membrane, while the hydrophilic part of the molecule remains on the cell surface. Similarly, the cytotoxic peptides mastoparan and mellitin are thought to insert themselves into the membrane where they perturb several membrane-associated enzymes and signaling pathways. For example, both peptides activate mast cells via interactions with G proteins, which, in turn, modulate other activities (22) . Substance P, although not cytotoxic in our paradigm (see, however, ref. 6 ), shares some sequence homology with A(3, is amphiphilic, and is also able to activate mast cells in a receptor-independent manner (22) . These data, the defined amphiphilic nature of calcitonin and compound 48/80, and the potential amphiphilic nature of A,B, amylin, and ANP suggest that these molecules may kill cells by partially inserting themselves into the plasma membrane and directly activating one or more enzymes or second messenger systems, which lead to cell death. This mechanism is used by other amphiphilic peptides such as mastoparan to activate membrane-bound enzymes like NADPH oxidase (36) . The acquisition of extensive (3 structure may promote the amphilicity of amyloid peptides and therefore increase their cytotoxicity.
Since DPI, an oxidase inhibitor, inhibits toxicity and H202 formation by all of the amyloidogenic peptides examined, it is possible that there is a shared toxic mechanism. This nonreceptor-mediated mechanism of cell death is consistent with the fact that A(3 is toxic to most types of cultured cells. In addition, mastoparan potentiates the effect of ANP on the activation of membrane-bound guanylate cyclase (36) . This mechanism may be relevant to the observation that one isoform of apolipoprotein E [(ApoE) ApoE4] segregates with late-onset AD (37) . ApoE has a region involved in binding to its receptor, which has (3-sheet and amphiphilic a-helical structures (38) . Since several of the isoform-specific amino acid substitutions in ApoE4 are within this region (37) , it is possible that ApoE4 selectively potentiates A(3 toxicity by direct membrane perturbation.
